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10 Abstract
11 Granitic boulders are widespread geomorphological elements, particularly found 
12 in humid granitic areas. Although they seldom represent a hazard for people or 
13 infrastructures, sometimes their location in steep or natural slopes may jeopardise their 
14 stability and potentially affect people or infrastructures. In addition, their complex 
15 geometry makes the instability mechanisms difficult to identify, so it is even more 
16 difficult to compute factors of safety regarding their stability. In this paper, the authors 
17 analyse potential failure mechanisms of granite boulders based on analytical mechanic 
18 calculations and physical tilt tests, permitting understanding the phenomena under 
19 scrutiny. Then, they study the stability of one of these boulders: the Pena do Equilibrio 
20 or equilibrium rock. To do that they resort to standard geotechnical characterization and 
21 advanced geometrical characterization derived from UAV photogrammetric and 3D 
22 Laser Scanning of the boulder. The presented results exemplify how the application of 
23 these recently available topographic technologies, in combination with rock mechanics 
24 approaches, enable a rigorous analysis of the stability of granite boulders.     
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30 1. Introduction
31 Large granite boulders are distinctive geomorphological elements or structures 
32 usually found in mountain or abrupt granitic humid areas. A large amount of rainfall 
33 contributes to the processes eventually leading to the formation of these boulders, so they 
34 tend to be more common in wet temperate climates. Therefore, these granite boulders are 
35 common all over the world, but particularly in regions such as northern Spain1,2, 
36 Portugal3,4, Italy5, Turkey6, USA7–9, Southern Australia10,11, Brazil12, Hong-Kong13 or 
37 Malaysia14. Occasionally, the instability of these boulders represent a potential hazard for 
38 people or infrastructures1,15.
39 These boulders are formed through evolving spheroidal weathering16,17 so they tend 
40 to present a roughly spheroidal or ellipsoidal shape, but in practice they often show 
41 surface irregularities associated with the heterogeneous nature of granitic rock and with 
42 the occurrence of pre-existing rock mass discontinuities that partially control their 
43 formation.
44 Traditional rock slope engineering studies18,19 developed methodologies to analyse 
45 the stability of geometrical shaped rock blocks delimited by pre-existing planar 
46 discontinuities, such as rock slabs, prisms, wedges or columns. These potentially unstable 
47 blocks tend to form when excavating engineered slopes or rock cuts. Stability against 
48 sliding or toppling of individual or sets of these elements can be quantified according to 
49 these approaches.
50 However, methodologies to estimate the stability of naturally occurring granite 
51 boulders of irregular shape have not been developed so far, something the authors 
52 attribute to two facts. Firstly, rarely does the stability of boulders involve a hazard for 
53 people or infrastructures; secondly, the complex geometry of these boulders was difficult 
54 to measure and their stability cannot be easily quantified according to existing 
55 approaches.
56 Nevertheless, some studies on the stability of individual or sets of boulders can be 
57 found in literature. In this way, Christianson et al.15 analysed the stability of some Buddha 
58 carvings in granite boulders in Japan accounting for potential seismic triggering effects; 
59 Alejano et al.1 presented a stability analysis of a boulder in a study that partially motivated 
60 the development of the current work. Moreover, some authors of this manuscript studied 
61 the stability against toppling of rock slabs with rounded corners, first on an individual 
62 basis20 and  then for the case of a number of interacting rock slabs in line with the block 
63 toppling stability analysis proposed by Goodman and Bray21, for the case of sharp-edge 
64 and rounded-edge blocks22. Undoubtedly, a typical granite boulder is nothing but a cubic 
65 or slab-shaped rather irregular granite block subjected to spheroidal weathering. So the 
66 approaches developed in the mentioned publications have also served as an input for the 
67 development of the present study. 
68 Even though the actual majority of these boulders is not usually hazardous, if the 
69 block is located in a cliff or a natural slope, it may fall down. This potential rock-fall of 
70 unstable boulders has shown to cause accidents and being of concern in a number of 
71 places reflected in the literature23,24. In this sense, it is interesting to develop approaches 
72 to quantify its stability. Additionally, analysing the stability of granitic boulders could 
73 contribute to a better understanding of geodynamical evolution, not only for granitic but 
74 also for other rock masses.
75 Based on these two mentioned reasons, the authors consider of interest to develop a 
76 rock mechanics approach to quantify boulder stability. Within this framework, we present 
77 in this paper a stability study of a paradigmatic granitic boulder —Pena do Equilibrio 
78 (‘equilibrium stone’)— located in Galicia (NW Spain). To do that, the authors have first 
79 resorted to advanced surveying techniques in order to obtain a detailed geometry of the 
80 boulder, and to rock characterisation methods to estimate the friction of the rock contact 
81 surface. Then, and based on physical modelling of engineered small-size blocks, we have 
82 reviewed techniques to estimate factors of safety against sliding and toppling for different 
83 shapes and positions of irregular blocks. Finally, we have extended physical models and 
84 calculations to quantify the stability of the granitic boulder under scrutiny, and the 
85 obtained results made sense in relation to actual stability observations, also agreeing 
86 reasonably well with a 3D-printed physical model of the boulder.
87 The presented approach can be extended or adapted to quantify the stability of other 
88 cases involving irregularly-shaped granitic boulders.
89
90 2. Geomorphological context
91 Boulders can be considered one of the most common and characteristic landforms of 
92 granitic terrains25. Their origin can be encountered within the typical weathering 
93 sequence of granitic rock masses, a process described by Durgin26, in which four typical 
94 stages can be recognised: fresh rock, corestones, decomposed granitoid and saprolite. The 
95 development of these structures is dominated by the mechanism of spheroidal weathering, 
96 a chemical process that mainly affects uniform, well-jointed rocks like granite, dolerite 
97 or basalt, but also other lithologies such as gabbros and sandstones16. 
98 The process of boulder formation is developed in two stages: first, subsurface 
99 differential-weathering acts on the granitic rock mass, being complemented afterwards 
100 with erosive events (wind, rainfall), which develop the eventual excavation of the 
101 corestone to form a boulder (Fig. 1). Subsurface weathering principally alters micas and 
102 feldspars to produce clays, with the intervention of different chemical processes such as 
103 solution, alteration and hydrolysis25.
104 Weathering of granitic batholiths presents joint-controlled geomorphic features, 
105 which means that it is clearly dependent on the rock mass structure, particularly on their 
106 main joint sets, usually displayed orthogonally. Fracturing spacing is considered the main 
107 factor affecting maximum size and shape of boulders, whereas roundness and the actual 
108 size depend on the duration and intensity of subsurface weathering17.
109 In general terms, boulders appear in different shapes, from almost perfect spheres to 
110 ellipsoidal bodies and even slender slabs, depending not only on the weathering degree 
111 to which they were subjected, but also on the geometrical variability of the joint sets 
112 affecting the granitic rock mass. Migoń17 has related the presence of isolated or clustered 
113 huge boulders to coarse-grained, potassium-rich, post-kinematic (post-Variscan) granites, 
114 whereas boulder fields, with sizes rarely exceeding 2 m long, have been associated to 
115 much older fine-grained granitic areas. Some examples showing geometrical and size 
116 diversity of boulders are illustrated in Fig. 2 Weights range from 1 to 10,000 tons and all 
117 pictures are taken in the NW corner of the Iberian Peninsula, including the regions of 
118 Galicia in Spain and Minho in Portugal.
119
120 3. Understanding stability of boulders
121 On some occasions, granitic boulders can be encountered either isolated or clustered 
122 but displayed as balanced rocks, that’s to say, potentially close to a limit-equilibrium state 
123 (Figs. 2d and 2g). This fact may imply an instability hazard, incremented by the huge 
124 size reached by some of these structures —i.e. The Leviathan boulder25, with an 
125 approximate length of 33 m— but, essentially, due to their possible location at spots 
126 presenting steep slopes. These features could eventually lead to instability, and sometimes 
127 subsequently to a rockfall event, representing a threat for any structure or population 
128 located in the falling path.
129 Some works focusing on the study of these structures have been mostly carried out 
130 in the field of geomorphology25,27 and applied paleoseismology28,29. There barely exists 
131 any contribution, regarding stability of boulders, from a rock mechanics standpoint. 
132 Moreover, some of these studies have focused on the stability of slender blocks20,30, some 
133 of them from a rock slope engineering perspective and mainly revisiting toppling 
134 mechanisms22,31–33. Other authors have analyzed the maximum boulder size forming in 
135 overhanging cliffs associated to tensile failure and the occurrence of earthquakes, but the 
136 failure mechanisms analyzed differed from the case of rounded granite boulders under 
137 study here 34,35. Due to all these particularities, it has been considered important to provide 
138 tools for correctly assessing the stability of potentially unstable boulders.
139 In the heart of this study, it has been observed that the main instability mechanisms 
140 affecting boulders lying on slopes —sliding and toppling— could be relevantly affected 
141 by some geometrical features, like the actual shape of the boulder, mass distribution and 
142 the type of contact between the boulder and the resting surface. In this line, some 
143 approaches, by means of simple engineered rock and 3D printed elements, have been 
144 carried out aiming to understand the effect of these factors on block stability. These 
145 analyses also served to develop a realistic approach for estimating the stability state of a 
146 balanced granitic boulder.
147
148 3.1. Laboratory physical modelling of simple geometric models
149 With the aim of studying the stability of the Pena do Equilibrio boulder, it was 
150 considered relevant to review first the traditional procedure for estimating safety factor, 
151 particularly for toppling failure (considering gravity as the unique driving force), in order 
152 to be applied later to the boulder under scrutiny. To test the analytical approach and 
153 analyse factors at stake, some rock models with symmetric and asymmetric sections were 
154 selected and engineered in laboratory by cutting and assembling smaller granitic pieces 
155 (Fig. 3a-g). The advantage of these physical models resides in their simple basic 
156 geometry, which allows a simple analytical estimation of the angle of toppling for each 
157 specimen. Additionally, it is possible to carry out simple tilt tests under controlled 
158 environmental conditions and constant lifting velocities (12 /min), analysing, in an 
159 experimental manner, the analytically predicted angles (against toppling or sliding).
160 The stability against sliding is controlled by the plane dip () and the basic friction 









164 The basic equation controlling the stability against toppling of a rigid block is 
165 presented in Eq. 2 and it can be used to estimate the factor of safety, and subsequently, 
166 the stability of a block against toppling. This simple equation just considers the ratio of 
167 the stabilizing and overturning moments, which in the simplest case where the only 
168 driving force is the weight of the specimen can be computed according to the forces acting 
169 along x and y-axes, in relation to a rotation axis located in the lower corner of the block 








172 The forces involved in the analysis of each specimen result only from its own weight 
173 and they are applied at the centres of gravity of the specimens, in the case of symmetric 
174 figures (i.e. Fig. 3h, specimen 4) or at the centres of gravity of subsections, in the case of 
175 the rest of asymmetric figures (Fig. 3i). The most prone mechanism: sliding or toppling, 
176 will be the one theoretically occurring at a lower tilting angle.
177 Eq. 3 shows the application of Eq. 2 to analyse stability against toppling of specimen 
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180 Specimens with 4 potential bases represented as 1 and 3 in Fig. 3h were tested at 8 
181 different positions (as depicted in Fig. 4 for the case of specimen 1), carrying out 3 tilt 
182 tests for each scenario; specimen 2 was only tested at 6 positions due to its geometry.  
183 Specimens 4, 5 and 6 were tested in 2 positions in only one base. In all the cases, the 
184 corresponding stability calculations based on Eq. 1 and 2, as the example shown in Eq. 3 
185 were performed and a theoretical prediction of the failure mechanisms and angle of 
186 sliding or toppling was theoretically estimated. An example of results and tilting 
187 instability angles for theoretical calculations for specimen 1 is illustrated in Fig. 4.
188 The instability mechanism observed in the lab (sliding or toppling) was registered as 
189 well as the inclination at which it happens. All angles were measured with an inclinometer 
190 Leica DISTO D5, with an accuracy of 0.1° for all series. Results were reflected in Table 
191 1.
192 The effect of a curved contact on the stability of rounded or cylindrical specimens 
193 has been also studied by means of analytical and laboratory physical modelling (Fig. 5a). 
194 This was made for evaluating the influence that a concave contact may have on the 
195 stability of actual boulders. To assess this in laboratory, a 3D printer model BCN Sigma 
196 3D (Fig. 5b) has been used to create two plastic bases presenting a circular concave 
197 surface with different contact depths (r/3 and r/6) being r = 27.25 cm; this radius 
198 corresponds to a NX Brazilian-test specimen, as shown in Fig. 5c.
199 For the two cases (r/3 and r/6), the angle of toppling was first analytically estimated 
200 by means of Eq. 2 (Fig. 5d). Then, three tilt tests were carried out under the same 
201 conditions as the other specimens, by employing the two plastic implements and by 
202 registering the angles of overturning. It has been demonstrated again the good correlation 
203 between results coming from theoretical calculations and from laboratory tests and it has 
204 also been observed the relevant effect of base concavity on stability: for the studied 
205 radius, r = 27.25 mm, if the contact depth is incremented from r/6 to r/3, then the angle 
206 of toppling will change from 33.6° to 48.2°, which would enhance stability in about 40%.
207 Fig. 6 shows those points representative of the theoretical (x-axis) and experimental 
208 (y-axis) angles of failure against sliding (represented by crosses) and toppling 
209 (represented by dots) for all tested specimens. As it can be appreciated, the dataset 
210 correlates quite well with the 1:1 line, yielding a Pearson’s correlation coefficient, r = 
211 0.994. This indicates that the analytical framework proposed for estimating the angle of 
212 failure can be considered appropriate for the case of all these tested specimens. 
213 All results obtained from tilt tests together with those estimated through the 
214 application of Eq. 1 and 2 are presented in Table 1 for all specimens and testing positions. 
215 In this table, error is simply the difference between analytical and experimental angles. It 
216 is relevant to remark that the average value of errors from all results in Table 1 is -0.3º 
217 with a standard deviation of 1.3º, an indication that for controlled geometry and surface 
218 strength our stability computing capacity is rather accurate. However, it should be pointed 
219 out that all these samples have a constant granite thickness (they have a vertical symmetry 
220 plane, containing their gravity centre, whose projection for the horizontal position falls in 
221 the centre of the base); and for tilting they are positioned with the symmetry plane normal 
222 to the strike of the tilting surface. This makes calculations simpler. For the case of 
223 irregular boulders resting on rock planes, this may not always be the case, so stability 
224 computations may not be that straight forward.
225 Based on in-situ observation of some irregular boulders and, in particular, of the case 
226 under scrutiny, it is necessary to be able to analyse the stability in case, for the solid under 
227 study resting on a horizontal plane, the projection of its centre of gravity does not fall in 
228 the centre of its base and the rotating axis is not a straight line parallel to the strike of the 
229 tilting plane.
230 To study this scenario in laboratory, it was carried out a tilt test involving two 
231 cylindrical specimens with same radius, r = 27 mm (one made up of a gneiss with 
232 approximate density r = 2700 kg/m3 measuring 100 mm-height and the other one made 
233 up of steel, with approximate density s = 7800 kg/m3 and measuring 35 mm-height). 
234 This test consisted in placing the two specimens in the way shown by Fig. 7a, that is with 
235 the top piece moved outwards a distance r/2. This position of the top steel specimen 
236 distances the centre of gravity out of the plane of symmetry of the lower specimen, as it 
237 can be appreciated in the front view Fig. 7b. Then, the specimen was progressively tilted 
238 until toppling of the entire set occurred, when the tilting angle was registered. The 
239 experiment was also repeated with both specimens aligned by their vertical axis.
240 From the whole experiment, two observations (which may be of relevance when 
241 assessing the stability of real boulders) can be extracted. Firstly, for a given tilting angle 
242 (β) the safety factor is reduced with respect to those configurations which keep the centre 
243 of gravity in a symmetry plane (e.g. tilt test with both specimens aligned); secondly, the 
244 rotation point, for the not-aligned set, becomes deviated from the line of maximum slope, 
245 as shown by  angle in Fig. 7b.
246 Based on this test configuration (Fig. 7a) with the top specimen displaced, it is 
247 possible to obtain, first, the factor of safety (Eq. 4) at any moment in the tilting process 
248 and also the slope βcrit at which the set will be unstable (Eq. 5). Additionally, in this case, 
249 the element does not topple in the direction of maximum slope but in a direction forming 
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254 Some detailed calculations for this test are presented in Fig. 7 where from angles of 
255 βcrit = 17.3º and  = 14.2º were obtained, consistent with the results observed in the tilt 
256 tests. The authors have carried out three repetitions of tests for the case of the steel piece 
257 offset r/2 in both directions and for the case with the sample centred. Results are presented 
258 in the last lines of Table 1 showing good agreement. The 1° difference between the 
259 analytical and experimental results can be attributed to a small rounding in the base of the 
260 gneiss specimen. In addition, the fact of not toppling in the maximum slope direction was 
261 observed by justifying the computed  angle. A video of this test is enclosed within the 
262 Additional Material. 
263
264 3.2.Effect of rounding on the stability of boulders
265 The rounding of block edges and corners represent the evident effect of the spheroidal 
266 weathering mechanism affecting rock masses. From an engineering point of view, this 
267 effect may have relevant influence on the stability of slender rock slabs against toppling, 
268 but also in actual rock slopes prone to fail under this mechanism, as studied by Alejano 
269 et al.20,22. The basic influence of a rounded edge associated to the rotating axis can be 
270 quantified according to the equations illustrated in Fig. 8. Readers are referred to the 
271 above-mentioned references for further analysis. Regarding the role played by the 
272 spheroidal weathering mechanism on the development of granitic boulders, the effect of 
273 rounding has been found relevant when analysing stability particularly against toppling, 
274 but it may also affect sliding slightly.
275 To gain insight on these effects and based on the presented equations (Fig. 8), a 2D 
276 rectangular block of length, L; height, H and circular rounding of the edges, with the 
277 (circular) radius of curvature denoted as rc, has been analysed in terms of stability against 
278 toppling failure. The effect of rounding is introduced in the following analysis by a 
279 roundness factor, ρ, defined as the ratio of the radius of curvature of the corners (rc) over   
280 a length equal to half base of the block (L/2). In this way, ρ = 0 corresponds to a slab with 
281 sharp edges and ρ = 1 regards a block with a semi-circular base which will tend to topple 
282 even when vertically standing in a horizontal plane. 
283 Based on this rounding factor, it is possible to create a chart providing dip angles 
284 corresponding to instability as illustrated in Fig. 9. For different values of the roundness 
285 factor and contact plane dip angles, different curves for the factor of safety considering 
286 various L/H ratios are provided. Fig. 9 shows that sub-vertical ellipsoidal boulders are 
287 more prone to instability than the spheroidal ones and being this spheroidal one more 
288 prone to instability than sub-horizontal ellipsoidal ones. Indicatively, if we take a value 
289 of ρ = 0.5, where we have rounded edges of half of the length of the block, the plump 
290 blocks (L/H = 2.7) will be stable when resting on a plane less than 53º dip (around 70º 
291 for edged blocks), the squared ones (L/H=1) for less than 27º (45º for no rounding) and 
292 the slender ones (L/H = 0.5) for less than 15º (27º for no rounding). In conclusion, it is 
293 clear that rounding plays a key role in instability and that this role can be quantified for 
294 perfectly rounded corners.  
295
296 4. The case of Pena do Equilibrio boulder. 
297 The granitic boulder under scrutiny, locally known as Pena do Equilibrio 
298 (‘Equilibrium Stone’), is located near the town of Ponteareas in the province of 
299 Pontevedra (Galicia, NW Spain). Geologically, the rock that forms the boulder has been 
300 described by the Spanish Geological Survey (IGME)37 as a fine-to-medium-grained, 
301 biotite-amphibole granodiorite. The structure lies over a granitic base, standing some 
302 meters above a road, and forming a sort of granitic plinth, as can it be observed in Fig. 
303 10.
304 Some features of this boulder have motivated the assessment of its stability, being the 
305 obvious one the risk perception. Other particularities are a pseudo-ellipsoidal geometry 
306 and rather large dimensions (about 9 m length and 3.7 m height), the position above a 
307 local road and the natural inclination, , with which it is displayed respect to the ground 
308 (approximately  = 27° dip). Another relevant feature is the small contact area between 
309 the boulder and the base.
310
311 4.1. 3D surveying and geometrical calculations
312 Regarding the complex shape of the boulder and its small contact area, the first step 
313 to perform stability analyses required a painstaking in-situ 3D surveying of the structure. 
314 The use of a Terrestrial Laser Scanner (TLR) was successfully applied to determine the 
315 geometry of geological structures by 3D point-cloud acquisition, in particular of rock 
316 boulders27. This technique was selected to perform the topographical survey of the 
317 boulder under study, specifically those parts demanding high accuracy, like the contact 
318 area. To perform this task, a FARO Focus 330X LiDAR was selected. Several scan stations 
319 were performed to scan all the boulder surface, and the data were registered using external 
320 targets. A 3D point cloud (3DPC) was generated in a local reference system. All scan 
321 stations were levelled, being the vertical axis of the local reference system (z-axis) 
322 coincident with the gravity direction. Consequently, dip measurements can be directly 
323 extracted from the 3DPC. In addition to the external targets, several targets were placed 
324 on the base of the boulder and consequently scanned. The local coordinates of these 
325 targets were extracted for further application of the boulder reconstruction. Special 
326 attention was paid to the scanning of the boulder-base contact.
327 The situation and size of the boulder prevented a complete terrestrial scanning, 
328 specifically of the upper face. Therefore, the TLS survey was complemented with aerial 
329 imagery obtained with a 12 Mpx camera mounted on a Phantom 3 Unmanned Aircraft 
330 System (UAS). Fig. 11 shows different aerial photographs, which were eventually 
331 processed and exported as a 3DPC by means of the photogrammetric suite Photoscan38. 
332 The Structure from Motion (SfM) reconstruction process included the previously located 
333 targets on the base of the boulder. Coordinates of these targets were inserted as Ground 
334 Control Points (GPC’s) and the SfM reconstruction was registered to the TLS 3DPC (i.e., 
335 both 3DPC were defined in the same local reference system). Finally, both 3DPC’s 
336 merged into one, providing very accurate information of the entire area. Once the 
337 complete 3DPC was processed, it was necessary to isolate the boulder from the general 
338 dataset (Fig. 12 a, b), a task carried out with the software CloudCompare39. The contact 
339 area was calculated by creating a 3D polyline at the contour corresponding to the 
340 intersection between those points of the boulder and those of the lower rock where it rests. 
341 The 3D polyline was afterwards projected onto a plane, giving a contact surface of 
342 approximately 0.61 m2 (Fig. 12c). 
343 The estimation of volume and centre of mass of the boulder required the generation 
344 of a mesh, by using Poisson surface reconstruction40, from the SfM-TLS merged 3DPC. 
345 This process was carried out with the open software MeshLab41. For the given mesh, the 
346 estimated volume was 142.22 m3 and the centre of gravity is located at local coordinates 
347 x = 7.914 [m], y = -2.851[m], z = 113.036 [m], being z-axes coincident with gravity 
348 direction.
349 Table 2 summarises some geometrical parameters of the boulder under study, which 
350 were useful to carry out stability analyses against sliding and toppling.
351 4.2. Geomechanical characterization of the contact
352 A basic geomechanical characterization was carried out in order to obtain information 
353 regarding parameters needed to quantify stability. This included density and basic rock 
354 joint characterization according to the Barton strength criteria42–44. Rock samples were 
355 collected and cut into slab-like specimens, which were tested for density and for the basic 
356 friction angle (b). The average density obtained was 2.57 g/cm3, and the median of b, 
357 for five tests, was 34º with a standard deviation of 1º, obtained from tilt tests run according 
358 to an ISRM Suggested Method45.
359 The surfaces of the studied boulder and the block where this one rests, were 
360 characterized around the contact area. Schmidt hammer rebound tests were made on the 
361 surface near the contact and in fresh rock; roughness profiles were measured with the help 
362 of a Barton’s comb. The following values of basic parameters were obtained, as presented 
363 in Table 3.
364
365 4.3. Stability assessment of the Pena do Equilibrio boulder
366
367 4.3.1. Assessment of sliding failure
368 The assessment of stability against sliding failure for the present case has been carried 
369 out by following planar failure analysis with an extension of Eq. 1 adapted for the case 
370 under study. Although it was initially thought to estimate shear strength of the contact 
371 based on the approach proposed by Barton and Bandis42 considering scale effects of rough 
372 unfilled rock joints, this approach was discarded. Although the contact between the two 
373 blocks was originally a fresh joint, in the process of weathering associated to the boulder 
374 formation, the contact joint has suffered alteration. Shear strength is obviously dependent 
375 on the joint surface geometry that, for the case under study, has been subjected to 
376 continuing modifications by in situ physicochemical processes, such as weathering and 
377 alteration, and even shearing and rock crushing46.
378 It has been largely observed that the so-called Barton-Bandis42 approach works 
379 reasonably well for natural joints with matching sides. Nevertheless, this technique 
380 cannot be directly applied to rock block contacts, where joint sides do not match, as each 
381 side has a different JRC and shear behaviour tends to be more dependent on the contact 
382 area than on the side JRC.
383 To overcome this problem, Zhao47 proposed a new version of Barton’s formula 
384 named the JRC-JMC shear strength model. This strength criterion takes into account the 
385 additional influence of the so-called joint matching coefficient (JMC) a parameter to be 
386 estimated, based on the matching of the two joint sides.
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388 This is a variation of the Barton-Bandis formula where the JMC parameter has to be 
389 included. Some studies have shown that this parameter depends on the level of contact of 
390 the surfaces. Based on an estimation of potential contact of the surface, on previous 
391 experiences developed by the authors on large granite block tilt testing48 and on the 
392 recommendation by Zhao47 the JMC should be equalled to 0.3; when any value lower 
393 than this is estimated, JMC was set to this value (JMC=0.3) for the studied contact. 
394 In order to compute stability, first, the weight of the boulder (Wb) was estimated. 
395 Based on the volume recovered from the 3D point cloud (Table 2) and considering the 
396 average specific weight of the rock, γrock = 25.7 kN/m3, the weight of the boulder was 
397 estimated in 3655 kN. Therefore, theoretical normal and shear stresses exerted by the 
398 boulder at the contact plane, as depicted in Fig. 13, for a dip angle β = 27°, become (Eq. 
399 8 and 9):
400  (8) ,








402 Shear strength, τa, available at the contact was computed by means of Eq. 747, 
403 considering the following in-situ estimative inputs for the equation:
404  Basic friction angle, = 34°b
405  Number of Schimdt-hammer rebounds for the contact plane, r = 46, so JCS = 112 
406 MPa
407  Number of Schmidt-hammer rebounds for a fresh rock surface, R = 52
408  Joint matching coefficient, JMC = 0.3
409  Joint Roughness Coefficient, JRC = 11
410  Residual friction angle, = (  – 20°) + 20(r/R) = 31.7°r b
411  Ln = 0.9 (length of contact, as recovered from the 3DPC); so, according to Barton and 
412 Bandis42: JRCn = 6.8 and JCSn = 54.3 MPa
413 The results show an estimated peak friction angle of 33.7º and a shear strength, τa, 
414 available at the contact of 3.56 MPa. The safety factor against sliding (FoSs) can be 
415 computed from Eq. 8, for two scenarios: the first one without considering the seismic 
416 effect (FoSs), representative of the actual state of the boulder and the second one (FoSs,α), 
417 by taking into account a pseudo-seismic analysis where the effect of the maximum 
418 seismic coefficient expected for Spanish design standards is used49 (α = 0.032). The 
419 seismic effect is accounted for by considering the corresponding horizontal acceleration 

















422 Therefore, the safety factor without considering the seismic effects becomes FoSs,a 
423 = 1.31; when a seismic design approach is considered (α = 0.032), the safety factor is 
424 reduced to FoSs,α = 1.21.  refers to the seismic acceleration for stability analysis and it 
425 is the ratio between the maximum expected horizontal acceleration and gravity, which 
426 should be applied in the center of gravity of the potentially unstable solids to account for 
427 the effect of earthquakes in the area. This indicates that the boulder is reasonably stable 
428 against sliding, even under the worst possible expectable circumstances. Inputting a 
429 combination of the most negative geomechanical values to obtain the lowest possible 
430 FoS, the computed values for the standard case and according to seismic act will become 
431 1.16 and 1.07 respectively so, still stable. We can conclude that the Pena do Equilibrio 
432 boulder is stable against sliding under foreseeable circumstances.
433
434 4.3.2. Assessment of toppling failure
435 Toppling failure represents one of the most widespread types of instability affecting 
436 rock slopes. The safety factor against toppling failure can be studied for the boulder under 
437 scrutiny, by taking into account the position of its actual centre of gravity with respect to 
438 the contact plane and following the approach illustrated in Section 3.1 and Fig. 13. The 
439 fact that the normal projection of the centre of gravity is outside the contact base, indicates 
440 that if the contact plane had been horizontal, the boulder would toppled backwards.
441 Taking advantage of the precise 3D point cloud available for the area under study, it 
442 is possible to fit a plane —by using the tool FitPlane included in the software 
443 CloudCompare39— to the 3D polyline presented in Section 5.1.3. This plane will be 
444 representative of the contact area between the boulder and the rock mass where it rests. 
445 In this line, it is possible to obtain from the software the coefficients A = 0.12689, B = –
446 0.44511, C = 0.88643 and D = –100.5267, which correspond to the general equation of 
447 this mentioned plane (π), as shown by Eq. 11:
448  (11)  Ax  By  Cz  D  0.12689x  0.44511y  0.88643z 100.5267  0
449 Since the centre of gravity (cog) of the boulder is represented by a point in the space 
450 (three coordinates, as presented in Table 2), it is thus possible to obtain the orthogonal 
451 distance (point-plane distance, d) between this point and the contact area. Given the point 
452 Pcog(x0, y0, z0) = (7.915, –2.854, 113.036) representative of the cog, the normal distance 
453 from the plane to that point is estimated, with Eq. 12, as ZCG = 1.95 m.












455 If the cog and normal component of the weight of the boulder (Wb cosα)’ are 
456 projected onto a horizontal plane (Fig. 14), a simple estimation of the factor of safety 
457 against toppling can be computed. This can be carried out by relating the actual dip of the 
458 contact plane (β = 27°) with the critical angle of toppling (βcrit = 31.4°), similarly 
459 estimated as by Eq. 2.
460 Therefore, the safety factor against toppling for the presented boulder under study 
461 becomes (Eq. 13):







463 If the maximum expected seismic coefficient in the area α = 0.032 is taken into 
464 account, then, FoS will go down to 1.11. 
465 Computation of the angle called  in a similar way as in Section 3.2, will yield a value 
466 of approximately 20.5º, indicating that the boulder will topple not along the maximum 
467 slope line, but in a direction forming an angle  with this line towards the position of the 
468 centre of gravity of the boulder. 
469 In parallel with all these presented calculations, a polylactide (PLA) plastic replica of 
470 the actual boulder under study was engineered by means of a 3D printer, BCN Sigma 3D 
471 (Fig. 15 a-c). Once obtained the volumetric mesh corresponding to the original boulder, 
472 it was resized to an approximate 1:50-scale, with the help of the freeware BCN3D Cura50.
473 In the replica, a piece of sandblast paper was fixed on the base of the block 
474 representing the location of the contact area, with the aim of avoiding sliding through that 
475 contact. The contact does not represent the shear strength properties of the actual contact 
476 in the boulder; however, the geometry of the plastic boulder can represent the overturning 
477 proneness of the rock boulder.
478 This replica was subjected to a series of tilt tests, as those performed for the rock 
479 pieces presented in Section 3.1 in order to analyse the angle at which toppling occurs. 
480 Five tilt tests were carried out in the way shown by Fig. 15d. As it can be checked, results 
481 presented in Table 4 (with a mean value of 30.4°) are in line with the critical angle of 
482 toppling, βcrit. = 31.4°, as previously presented. It is relevant to remark that in all tilt tests 
483 the toppling of the boulder occurred in a direction ( = 20) slightly divergent of that of 
484 maximum slope, in line with the angle computed (a video with one of these tests is 
485 provided within the Additional Material).
486
487 4.3.3. Stability in the event of a large earthquake
488 It has been shown that the factors of safety against sliding and toppling of the boulder 
489 were computed in 1.31 and 1.20, respectively. These values diminish to 1.20 and 1.11 
490 when considering a horizontal acceleration  = 0.032·g, as recommended by the Spanish 
491 seismic protection act49.
492 These factors of safety were also computed for a different scenario, as that 
493 experienced on the area under study during the occurrence of an extraordinary 
494 earthquake, with epicentre in the SW Portuguese margin in 175551, the so-called Lisbon 
495 earthquake. According to Amaré-Tafalla et al.52, the effects of this mega-seism, could be 
496 quantified in grade VII for the MKS intensity scale53 in the municipality where the 
497 boulder locates. The maximum coefficient for seismic acceleration α could be roughly 
498 estimated as α = 0.065 for these conditions54. Accounting for this horizontal acceleration, 
499 the corresponding factors of safety will become FoSs, α = 0.065 = 1.12 and FoSt, α = 0.065 = 
500 1.03. 
501 Human beings genetically evolved to identify risk. The perception of every person 
502 visiting the stone is that it may fall, so the stone is name ‘Equilibrium Stone’. This should 
503 mean that this boulder is not far from equilibrium, something that the above numbers 
504 seem to confirm.
505
506 5. Discussion 
507 Granitic boulders, typical of humid regions, are often odd-shaped rounded-corner 
508 blocks, so analysis of their stability may become a non-straight-forward task. A number 
509 of physical model tilt tests performed in small rock elements of various shapes have help 
510 to illustrate some issues regarding stability calculations of these blocks in relation to 
511 sliding and toppling phenomena. For instance, rock elements with asymmetric geometry, 
512 concave contacts and rounded-corners were tested.
513  Based on the study and calculations presented, rather accurate stability estimates 
514 of these odd-shaped blocks can be derived, at least, at the same level of those related to 
515 more typical failures in rock slope engineering such as planar or wedge failure. 
516 For the case of toppling instability, the most relevant aspect to be accounted for is 
517 the geometry of the boulder and the location of the rotation point in its base in relation to 
518 the boulder’s center of gravity. Since advanced techniques can compute very accurately 
519 boulder geometry, results are deemed to be reliable. The occurrence of a convex or 
520 concave surface in the base of the boulder may slightly affect results, but information on 
521 this surface tends to be hidden, so some uncertainty in this regard can be expected. 
522 For the case of sliding instability, the strength response of the contact zone is the 
523 most significant issue impacting stability. Since this contact cannot be considered a 
524 standard rock joint but a contact between two rock pieces the reliability of strength is 
525 difficult to quantify. Previous empirical tests by the authors46 on this type contacts for the 
526 case of smaller blocks (around 50 kg and around 2 tons) would indicate standard 
527 deviations in friction angles around 2 to 3º.
528 The fact that the granite boulders have irregular complex geometrical forms have 
529 made difficult to reliably compute their stability in the past. Application of Terrestrial 
530 Laser Scanner in combination with UAS photogrammetric techniques permits nowadays 
531 obtaining a very accurate and comprehensive geometrical representation of these 
532 boulders. This in turn, in combination with point cloud management software provides 
533 accurate positioning of the centre of gravity of the boulder and the contact zones. 
534 A good knowledge of the topography of the boulder, including the shape and nature 
535 of its contact base, together with an appropriate characterization of its base as a 
536 mismatched rock discontinuity, allows carrying out reliable stability computation of 
537 boulder under different environmental circumstances, including earthquakes. In 
538 particular, an accurate geometry representation is critical to analyse stability against the 
539 toppling of boulders. This approach may contribute to better understanding of a number 
540 of phenomena so far difficult to quantify in the field of engineering geology and risk 
541 assessment. The use of plastic replicas available from 3D printing can be helpful to 
542 contribute to stability studies based on physical modelling, even if inherent printout 
543 heterogeneity as well as rounded contact edges could lead to slight differences between 
544 analytic and physical model results.
545
546 6. Conclusions
547 An ellipsoidal granitic boulder of about 142 m3 and 380 t is located in the province 
548 of Pontevedra (Galicia, Northwest Spain). Some particularities like its location on the 
549 side of a slope, a somewhat small contact area and the natural inclination with which it is 
550 displayed have motivated the study of the stability against slide and toppling failure.
551 Some laboratory tilt testing was carried out aiming to revisit traditional stability 
552 equations by employing rock physical models. Taking advantage of 3D printing 
553 techniques it has been studied the effect of particular geometrical aspects —like a circular 
554 contact area— on the stability of blocks against toppling. As a result of this, the equation 
555 for calculating a safety factor for toppling can be validated and adapted for irregular rock 
556 elements with non-planar contact surfaces. 
557 Advanced remote-sensing techniques, such as terrestrial LiDAR and aerial imagery, 
558 have been successfully applied, in order to obtain an exact geometry either of the actual 
559 contact area and boulder under study. These techniques facilitated the stability analyses, 
560 carried out by means of traditional computation, both for sliding and toppling 
561 mechanisms under different scenarios. In this line, the management of the recovered 3D 
562 point clouds allowed a reasonable positioning of the forces and momentum involved as 
563 well as having available good estimations of the contact area and volume of the boulder.
564 As a general conclusion, the current stability condition of the boulder can be assured 
565 both for sliding and toppling with safety factors of 1.31 and 1.20, respectively. In case of 
566 accounting for seismic acceleration in line with Spanish seismic standard (α = 0.032) this 
567 factors of safety will become 1.20 and 1.11 respectively so the boulder would still be 
568 stable. If an extremely unexpected event occurs, like an earthquake increasing the seismic 
569 acceleration to α = 0.065, the stability of the boulder might be compromised.
570 The presented approach may serve as a guideline for further studies on granite 
571 boulder stability, or for other natural rock slope stability phenomena associated with the 
572 occurrence of irregular rock elements.
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745 Figure 1 (a) Sketch showing the development of boulders as a consequence of the two-
746 stage process by the spheroidal weathering mechanism; (b) Incipient spheroidal 
747 weathering observed in a granitic outcrop (Sanxenxo, NW Spain).
748
749 Figure 2. Different examples of granitic boulders in the NW Iberian peninsula: (a) 
750 ellipsoidal boulder still surrounded by highly decomposed granite; (b) quasi-spherical 
751 boulder recently released from completely decomposed granite; (c) boulder presenting a 
752 sub-vertical crack; (d) ellipsoidal rocking stone, something attributed to a concave base; 
753 (e) twin boulders; (f) large boulder probably fallen down from a close mountain; (g) very 
754 large boulder (10,000 tons) in a mountain peak and (g) slab-like rounded cornered blocks. 
755 Location of every boulder written below every picture and approximate scale reflected. 
756 All pictures by authors.
757
758 Figure 3 (a)-(g) Rock specimens used for the experimental program to review safety 
759 factor equation; (h) Sketch of the specimens used for the experimental determination of 
760 the angle of toppling; (i) Sketch of the subdivision of one specimen for estimating factor 
761 of safety against toppling, including the location of the centres of gravity of its parts.
762
763 Figure 4 Example of sketches of the eight-type tilt tests carried out for different positions 
764 of specimen 1, together with the theoretically computed angle of instability against sliding 
765 (always the basic friction angle) and toppling (according to Eq. 2). The more prone 
766 mechanism shows the lower angle of both computed, highlighted in bold in the figure.
767
768 Figure 5 (a) tilt-test example; (b) 3D printer BCN Sigma 3D used; (c) printed concave 
769 bases; (d) location of centres of gravity for force application in the different parts of the 
770 rock element for computing factor of safety against toppling.
771 Figure 6 Comparison of the experimental (x-axis) and theoretical (y-axis) angle of sliding 
772 (‘x’) and toppling (dots) for all tested specimens.
773
774 Figure 7 (a) Three different views of the set used for this experiment (shown in the 
775 photo); (b) evolution of the left view of a tilt test in three positions (initial horizontal 
776 position, after some tilting and at the critical case) indicating the projection on the tilting 
777 plane of the base of the sample and that of the centre of gravity of the set. Remark 
778 instability occurs when the projection of the weight attains the border of the base.
779
780 Figure 8 Factor of safety of a single block with sharp edges (a) and rounded edges (b).
781
782 Figure 9 Representative chart for three levels of the factor of safety (1, 1.2 and 1.5) 
783 against toppling, for increasing rounding of edges (ρ from 0 to 1) and dip angle varying 
784 from 0 to 60°.
785
786 Figure 10 General view of the Pena do Equilibrio (‘Equilibrium Stone’).
787
788 Figure 11 Different views of the boulder under study from aerial photography: West (a), 
789 North (b), South (c) and top view (d). Note control points on photos (b) and (c).
790
791 Figure 12 (a) Realistic view of the 3D point cloud with CloudCompare; (b) isolation of 
792 3D point cloud of the boulder; (c) detail of a horizontal projection (top view) of the 3D 
793 point cloud, including the polyline corresponding to the edge of the contact area.
794
795 Figure 13 Illustrative screenshot from CloudCompare showing the forces involved on 
796 the stability analysis against sliding and toppling for the boulder under study and 
797 approximate location of the cog. The coordinate system is also provided.
798
799
800 Figure 14 Projection on the contact plane of the cog and normal component of the weight 
801 (W cosα)’ for estimating safety factor against toppling.
802
803 Figure 15 (a) Screenshot of the BCN3D Cura software to manage 3D printing; (b) top 






810 Table 1 Experimental (βi) and theoretical (βtheoretical) instability tilt angle for all specimens 
811 with different positions tilted in laboratory until sliding (S) or toppling (T) failure occurs. 
812 The different positions are illustrated in Figure 4 for specimen 1 and explained in the text. 
813 βtoppling is the angle theoretically computed for toppling instability. βtheoretical is the lower 
814 value between βtoppling and friction angle (312º), theoretically indicating the angle at 
815 which instability is expected.  βmean is the average of the observed experimental tilt tests 
816 (β1, β2 and β3). Error refers to the difference between the mean experimental angle 
817 observed (βmean) and the theoretical angle expected (βtheoretical). 
818
819 Table 2. Geometrical parameters as recovered from 3D point cloud processing.
820
821 Table 3. Geomechanical parameters measured in joints.
822
823
824 Table 4. Results for the critical angle of toppling, analysed by means of tilt-test carried 
















Table 1 Experimental (βi) and theoretical (βtheoretical) instability tilt angle for all specimens with 
different positions tilted in laboratory until sliding (S) or toppling (T) failure occurs. The different 
positions are illustrated in Figure 4 for specimen 1 and explained in the text. βtoppling is the angle 
theoretically computed for toppling instability. βtheoretical is the lower value between βtoppling and friction 
angle (312º), theoretically indicating the angle at which instability is expected.  βmean is the average 
of the observed experimental tilt tests (β1, β2 and β3). Error refers to the difference between the mean 
experimental angle observed (βmean) and the theoretical angle expected (βtheoretical). 
Specimen Position βtoppling βtheoretical S/T β1 β2 β3 βmean error
a1 67.5 312 S 33.7 30.2 29.6 31.2 0.2
a2 2.5 2.5 T 3.5 3.3 3.3 3.4 0.9
a3 58.8 312 S 34.8 30.6 27.3 30.9 -0.1
a4 26.6 26.6 T 27.4 27.2 26.3 27.0 0.4
b1 56.7 312 S 33.0 31.5 28.0 30.8 -0.2
b2 31.4 312 T 30.9 30.4 30.4 30.6 -0.4
b3 9.9 9.9 T 10.8 10.4 10.2 10.5 0.6
1
b4 22.5 22.5 T 22.9 23.1 23.0 23.0 0.5
a1 57.5 312 S 32.8 25.3 27.3 28.5 -2.5
a2 45.0 312 S 34.2 31.2 30.6 32 1
a3 28.4 28.4 T 27.8 27.8 27.7 27.8 -0.6
b1 61.7 312 S 34.6 26.8 27.1 29.5 -1.5
b2 32.6 312 S 32.3 32.1 32.1 32.2 1.2
2
b3 20.8 20.8 T 22.7 22.1 22.3 22.4 1.6
a1 66.0 312 S 33.5 30.9 27.0 30.5 -0.5
a2 1.4 1.4 T 2.60 2.70 2.70 2.70 1.3
a3 61.4 312 S 29.0 25.6 26.5 27.0 -4
a4 < 0 - - - - - -
b1 45.0 312 S 30.4 27.2 30.1 29.2 -1.8
b2 24.5 24.5 T 25.4 25.3 25.6 25.4 0.9
b3 4 4 T 3.20 3.20 3.10 3.20 -0.8
3
b4 28.6 28.6 T 29.1 29 29.2 29.1 0.5
4 a1 20.0 20.0 T 20.2 20.3 20.5 20.3 0.3
a2 20.0 20.0 T 21.6 21.8 21.8 21.7 1.7
a1 16.1 16.1 T 15.6 15.6 15.5 15.6 -0.55
a2 16.1 16.1 T 15.7 15.7 15.8 15.7 -0.4
6 a1 1.80 1.80 T 3.9 4.1 3.8 3.90 2.1
a2 26.8 26.8 T 23.8 23.8 24.2 23.9 -2.9
7 a1 33.6 33.6 T 33.3 32.5 32.8 32.9 -0.7
a2 33.6 33.6 T 32.7 32.6 32.6 32.6 -1.0
8 a1 48.2 48.2 T 47.3 48.3 48.4 48.0 -0.2
a2 48.2 48.2 T 46.7 47.2 49.0 47.6 -0.6
Left r/2 17.3 312 T 16.5 15.9 16.2 16.2 -1.1
Centred 17.8 312 T 16.9 16.9 16.5 16.8 -1.0




17.3 312 T 16.1 15.8 16.4 16.1 -1.2
Table 2. Geometrical parameters as recovered from 3D point cloud processing.
Geometrical parameter Units Value
Volume, Vb [m3] 142.22
Centre of gravity, cog x, y, z coordinates [m] 7.915, -2.854, 113.036
Theoretical contact area, A [m2] 0.61
Contact plane dip direction [°] 163
Contact plane dip, β [°] 27
Table 3. Geomechanical parameters measured in joints.
Parameter Values Mean Standard 
deviation
Average Schmidt hammer rebounds 
(r) in surfaces
34.5, 51.2, 45.2 52, 47.2, 48, 
44.5, 45.5
46 5.5
Average Schmidt hammer rebounds 
on fresh rock (R)
50, 52, 54, 48, 56 52 3.2
JRC 8, 6, 8, 12, 6, 10, 16, 10 11 3.8
JCS based on (r), [MPa] 112 30 
Table 4. Results for the critical angle of toppling, analysed by means of tilt-test carried out with the 
boulder replica.
Test 1 2 3 4 5
βtest [°] 30.8 30.4 30.7 29.8 30.3
